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We report the local (NMR) and bulk (magnetization and heat capacity) properties of the vana-
dium based spin- 1
2
uniform spin chain compound Bi6V3O16 (Bi4V2O10.66). In the low-temperature
α phase, the magnetic ions (V4+) are arranged in one-dimensional chains. The magnetic suscepti-
bility shows a broad maximum around 50 K signifying a short-range magnetic order. Heat capacity
measurements also reveal low-dimensional magnetism. The 51V magic angle spinning nuclear mag-
netic resonance measurements clearly show that the magnetic V4+ and non-magnetic V5+ species
are located on different crystallographic sites with no mixed occupation. The spin susceptibility
calculated from the shift of the 51V NMR spectra reproduces the behavior observed in magnetic
susceptibility and agrees well with the spin- 1
2
uniform spin chain model with J = 113(5) K.
PACS numbers: 76.60.-k, 75.47.Lx, 75.50.Ee
I. INTRODUCTION
Magnetism in one-dimensional (1D) Heisenberg an-
tiferromagnetic (AFM) spin systems has remained an
area of wide interest in condensed-matter physics since
1970s.1,2 This is mainly due to the rich physics such spin
chains exhibit. Furthermore, these systems are tractable
from both theoretical3,4 and computational5–7 starting
points. The prime interest here is the innate strong
quantum fluctuations which lead to the suppression of
magnetic long range ordering.8 The nature of the ground
state in these systems depends on the value of spin S
and relative strength and sign (AFM or ferromagnetic)
of their coupling J . The generic magnetic Hamiltonian
describing an S = 12 Heisenberg chain can be written as
H = J
∑
i SiSi+1, where J is the intrachain coupling
constant between the nearest-neighbor spins. A uniform
half-integer spin chain with AFM interactions exhibits a
gapless ground state.9–19 In the case of an AFM alter-
nating Heisenberg chain, the AFM exchange constants
(J1 and J2) between the two nearest-neighbor spins are
unequal (J1 6= J2; J1, J2> 0), and they alternate from
bond to bond along the chain with an alteration param-
eter α = J2/J1. In the case of an alternating chain,
interactions for half-integer spins result in the opening
of a gap via either frustration due to the next-nearest-
neighbor AFM exchange or dimerization due to the alter-
nating coupling to nearest neighbors along the chain.20–29
Many S = 12 chain systems have already been reported,
and their characteristics have been interpreted on the ba-
sis of such a model. Some of the most renowned exam-
ples in this category are CuCl2·2N(C5D5),9 KCuF3,10–12
Sr2CuO3,13 CuSO4·5H2O,14, Ba2Cu(PO4)2,15 and, re-
cently, (NO)[Cu(NO3)3]16–18 and Cs4CuSb2Cl1219 for
uniform and Cu(NO3)2·2.5H2O,21,22 (VO)2P2O7,23–26
CaCuGe2O6,27 AgVOAsO428, and Cu3(MoO4)(OH)429
for alternating S = 12 Heisenberg spin chains.
Figure 1: Left: Possible interaction path between the mag-
netic V4+ ions in Bi6V3O16 mediated via nonmagnetic V5+
ions and oxygen. Right: Top view of the chains separated by
Bi-O layers.
Our motivation is to explore new low-dimensional mag-
netic oxides with the intention of unraveling novel mag-
netic properties. In this paper we report the bulk and
local (NMR) studies of the vanadium-based S = 12 uni-
form spin chain compound Bi6V3O16 (often described
also as Bi4V2O10.66) at low temperatures. This sys-
tem is a member of the well-known pseudo binary ox-
ide systems Bi2O3-V2O5, which received significant in-
terest because of their different structural varieties and
rich functional properties,30,31 which led also to a very ef-
ficient bismuth-metal-vanadia (BiMeVOX) family of an-
ionic conductors.32,33 These systems belong to or are de-
rived from the Aurivillius family.34,35 They exhibit three
polymorphs, α, β, and γ, each associated with a differ-
ent temperature range, where the α phase is the low-
temperature one. One of these Aurivillius vanadates,
Bi4V2O10 which contains all the vanadium ions in the
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2V4+ oxidation state, was studied thoroughly via crys-
tal structure, electron diffraction, and thermodynamic
properties about two decades ago.36,37 In the α phase of
Bi4V2O10, the magnetic V4+ ions are arranged in a 1D
chain along the a direction of the unit cell (see Fig. 1;
vesta software38 was used for crystal structure visual-
ization). It was also proposed by Satto et al.37 that
α−Bi4V2O10 transforms to α−Bi6V3O16 after oxidation
upon exposure to air at room temperature. The orienta-
tion of the magnetic V4+ ions in 1D chains remains in-
tact in the crystal structure of the α phase of Bi6V3O16,
which is best described by V3O6−16 ribbons running along
the a axis and containing units built up from a pyramid
(V4+) and two tetrahedra (V5+).39,40 This is one of the
few systems found so far in nature where the extended
superexchange interaction takes place by the overlap of
dxy (via the oxygen p ) orbitals of d1 electrons (t2g) of
V4+ ions rather than the dx2−y2 orbitals of eg electrons in
Cu-based systems, with an exchange coupling (J/kB) as
high as ∼ 100 K. Very recently, magnetic properties and
charge ordering were reported for another related com-
pound, Bi3.6V2O10,41,42 which also belongs to the afore-
mentioned Aurivillius family. However, a detailed inves-
tigation of the bulk and local properties with a proper
theoretical model has not been carried out for any of
these magnetic Aurivillius vanadates. This leads to the
the primary sources of motivation for our present work.
II. SAMPLE PREPARATION, CRYSTAL
STRUCTURE, AND EXPERIMENTAL DETAILS
Bi6V3O16 is an orthorhombic system and crystallizes
in the Pnma space group.39 The low-temperature phase
of Bi6V3O16 was synthesized by mixing stoichiometric
amounts of Bi2O3 (Alfa Aesar, 99.99%) and VO2. VO2
was prepared through the reaction of an equimolar mix-
ture of V2O5 and V2O3 at 680° C for 18 h under vacuum.
V2O3 was obtained by reducing V2O5 (99.99%, Aldrich)
under hydrogen flow at 800° C. The mixture of Bi2O3
and VO2 was then pelletized and placed in a quartz am-
pule sealed in vacuum (< 10−5mbar). The ampule was
annealed at 550° C for 48 h. This process was repeated
three times with intermediate grinding and mixing. The
last round of heating was performed at 620° C for 36
h. After a few weeks of exposure in open air, Bi4V2O10
self-oxidized into Bi6V3O16, and its color changed from
black to dark brown. A similar transformation was ob-
served previously by Satto et al.37
Energy dispersive x-ray (EDX) microanalysis show an
elemental ratio of bismuth and vanadium of Bi:V' 2 : 1
(see Fig. 2).
X-ray diffraction (XRD) patterns were collected us-
ing a PANalytical X’Pert3 Powder x-ray diffractometer
(Cu Kα radiation, λ = 1.54182 Å). The Rietveld re-
finement against the XRD data was carried out using
the jana2006 software43(see Fig. 3). The XRD pat-
tern shows a single phase of Bi6V3O16 (space group:
Figure 2: EDX spectrum (top) and SEM image (bottom) of
polycrystalline Bi6V3O16.
Pnma (62), a = 5.47124(3) Å, b = 17.25633(8) Å,
c = 14.92409(6) Å). The ratio of c/(b/3) ' 2.6 ob-
tained from the refinement is consistent with the previ-
ous study carried out on single crystals of the α phase of
Bi6V3O16.40 The refined atomic coordinates of Bi6V3O16
are given in Table I.
The thermogravimetric analysis (TGA) was carried
out to heat Bi6V3O16 and to oxidize it while observing
the weight change (see Fig. 4). After the full oxidation,
Bi6V3O16 (Bi4V2O10.66) should transform into Bi4V2O11
in which all vanadium ions are in the V5+ oxidation state.
In our experiments, we observed three major tempera-
ture effects. The first one at 550 K is due to the oxygen
intake, the second one at 720 K is due to the α → β
transition, and the last one at 860 K isdue to the β → γ
phase transition. The calculated mass change during the
phase transition at 550 K is 0.65%, which is close to what
is expected from the oxidation of Bi6V3O16 to Bi4V2O11
(0.5%).
Analysis of the V-V interaction path (see Fig. 1) re-
veals that two vanadium ions from crystallographic site
V1 (magnetic V4+) are connected by two oxygen ions
3Figure 3: Experimental (black points) and calculated (red
line) powder XRD patterns of Bi6V3O16. Positions of peaks
are given by black ticks, and the difference plot is shown by
the black line in the bottom part.
Atoms Coordinates TDP
x/a y/b z/c Biso (A˚
2
)
Bi1(4c) 0.2004(7) 0.250 0.31668(17) 2.13(7)
Bi2(4c) 0.2519(7) 0.250 0.66949(17) 2.08(8)
Bi3(8d) 0.2368(4) 0.41275(14) 0.83414(13) 1.98(6)
Bi4(8d) 0.2835(5) 0.42850(12) 0.16763(14) 2.25(6)
V1(4c) 0.246(3) 0.250 0.0331(7) 4.1(3)
V2(8d) 0.265(2) 0.3864(4) 0.4874(6) 3.8(2)
O1(4c) −0.030(4) −0.0171(15) 0.2391(15) 0.5(2)
O2(8d) 0.127(4) 0.3523(13) 0.2921(11) 0.5(2)
O3(8d) 0.010(6) 0.323(2) 0.7464(15) 0.5(2)
O4(8d) −0.018(6) 0.3226(17) 0.0536(10) 0.5(2)
O5(4a) −0.015(6) 0.331(2) 0.4704(9) 0.5(2)
O6(8d) 0.287(4) 0.4056(14) 0.5912(10) 0.5(2)
O7(8d) 0.207(5) 0.4749(11) 0.4325(10) 0.5(2)
O8(8d) 0.316(6) 0.250 0.1752(16) 0.5(2)
O9(8d) 0.178(6) 0.250 0.8582(15) 0.5(2)
Table I: Atomic coordinates and thermal displacement pa-
rameters in the crystal structure of Bi6V3O16.
Figure 4: Temperature dependence of the mass change and
the heat flow during heating of Bi6V3O16 in the TGA exper-
iment.
Bonds Description Value (Å)
V1-O5 intrachain 1.92
O5-V2 intrachain 1.82
V2-O4 intrachain 1.73
O4-V1 intrachain 1.94
Table II: Bond lengths between various vanadium-oxygen
linkages along the a direction of the 1D chain in Bi6V3O16
Angles Description Value (deg)
V1-O5-V2 intrachain 163.97
O5-V2-O4 intrachain 101.07
V2-O4-V1 intrachain 150.15
Table III: Bond angles between various vanadium-oxygen link-
ages in Bi6V3O16
and one vanadium from crystallographic site V2 (non-
magnetic V5+). The type of magnetic interaction be-
tween the V4+ ions is hence extended to superexchange
(V4+-O2−-V5+-O2−-V4+). The V-V distances are equal
along the chains. V4+ and V5+ ions are in the pyra-
midal and tetrahedral environments of oxygens, respec-
tively (see Fig. 1). The bond distances and bond angles
along the V-V interaction path for Bi6V3O16 are listed
in Tables II and III, respectively. From the structural
point of view the system resembles a S = 12 uniform 1D
Heisenberg chain.
Recent reports42 on the crystallographic data for the
similar compounds Bi4V2O10.2 and Bi3.6V2O10 docu-
ment that V4+ ions occupy the V1 site, and V5+ ions
are placed on the V2 sites. Bi6V3O16 is derived from
the same Aurivillius family, having a similar composition
and preparation route. Here as well, V4+ ions and V5+
ions occupy the V1 and V2 sites, respectively.
The field (up to 14 T) and temperature (2 – 300 K) de-
pendence of the heat capacity and magnetizationM were
measured using the heat capacity and vibrating-sample
magnetometer options of a Quantum Design physical
property peasurement system, respectively.
The magic angle spinning nuclear magnetic resonance
(MAS-NMR) measurements (spectra and nuclear spin-
lattice relaxation times T1) were carried out on vanadium
nuclei (51V gyromagnetic ratio γ/2pi = 11.1921 MHz T−1
and nuclear spin I = 7/2) in a fixed field of the 4.7-T
magnet using an AVANCE-II Bruker spectrometer. The
spinning speed of the 1.8-mm o.d. rotor was varied be-
tween 20 and 30 kHz.44 Typical pulse widths were var-
ied from 4 to 2 µs. In echo sequence pi/2−τ−pi, a rota-
tion period between the excitation and refocusing pulses
was needed, τ. By measuring NMR using this technique,
the nuclear dipole-dipole interactions and chemical shift
anisotropy are averaged out, and the quadrupolar inter-
action is partially averaged out. Thus, MAS-NMR gives
finer details about the spectra. For T1, the speed of the
rotor was 30 kHz, and the measurements were undertaken
at the frequency of the isotropic shift at a given tempera-
ture. T1 was measured by the saturation recovery method
4Figure 5: The temperature dependence of the susceptibility
χ = M/H at H = 4.7 T for Bi6V3O16. Black open circles are
χ − χ0 data, the green line is the low-T Curie-Weiss contri-
bution and the blue solid diamonds show χ − χ0 − χCurie.
The region of short-range magnetic ordering is indicated by
the red arrow. The red line shows the high-T Curie-Weiss fit
in the temperature range of 190 – 300 K. The inset shows the
variation of the position of maximum in the magnetic suscep-
tibility curves with the change in applied field.
using a saturation comb of fifty pi/2 pulses followed by
variable delay and an echo sequence for recording the in-
tensity. For the lowest temperatures, T1 measurements
were performed in static conditions to explore the low-
temperature behavior down to 4 K. The frequency shifts
are given relative to the VOCl3 reference.
III. RESULTS AND DISCUSSION
A. Magnetic susceptibility
Magnetic susceptibility χ = M/H measurements were
carried out in 0.05 - 14-T applied magnetic fields. With
decreasing temperature, χ follows the Curie-Weiss law
and shows a broad maximum around 50 K, which in-
dicates the presence of short-range magnetic ordering in
the system. A Curie-like upturn is observed at lower tem-
peratures, possibly arising from paramagnetic impurities.
From the Curie-Weiss fit, χ(T ) = χ0 + C/(T − θCW ) in
the T range 190− 300 K (see Fig. 5), the T -independent
χ0 = 8.6 × 10−6 cm3/(mole V4+), the Curie constant
C = 0.4 cm3K/(mole V4+), and the Curie-Weiss tem-
perature θCW=−60 K can be extracted. The negative
value of θCW indicates that the dominant exchange cou-
plings between V4+ ions are AFM. We also measured
the electron spin resonance spectrum of the powder (X
band, room temperature; not shown) and found typical
g-values for a V4+ ion [(gx, gy, gz)= (1.93, 1.91, 1.8)] with
tiny anisotropy.
Figure 6: The experimental magnetization data of Bi6V3O16
vs applied magnetic field at 1.8 K.
From our χ measurements in Bi6V3O16, the value of
the Curie constant (C = 0.135 cm3K/mole) is 36% of the
expected value (C = 0.375 cm3K/mole) for a full S = 1/2
moment which indicates that only about 1/3 of the vana-
dium ions are magnetic, i.e., in the V4+ oxidation state.
Earlier reports41,42 on similar systems (Bi4V2O10.2 and
Bi3.6V2O10) suggested that V4+ and V5+ ions prefer the
V1 and V2 sites respectively, namely 90% of the V1 site
is occupied by V4+ and the rest is filled by the nonmag-
netic V5+, meaning that V1 site is shared by the mixed
valences. From the bulk measurements, we have not ac-
quired any evidence of the existence of site sharing in
Bi6V3O16.
From the χ(T ) results, the Van Vleck susceptibility
χV V = χ0−χcore = 12.4×10−5cm3/mole, where χcore is
the core diamagnetic susceptibility, was calculated with
a value of −11.52×10−5cm3/mole f. u. (here we consider
the formula unit to be Bi2VO5.33). The low-temperature
upturn in χ(T ) below 20 K is attributed to the orphan
spins and other extrinsic magnetic impurities.29
To extract the exact magnetic susceptibility, the
temperature-independent susceptibility (Van Vleck plus
the core diamagnetic susceptibility) and the Curie contri-
bution originating from the extrinsic paramagnetic impu-
rities and/or orphan spins were subtracted from the ex-
perimentally obtained magnetic susceptibility data (see
Fig. 5). The low-temperature Curie-Weiss fit gives
C = 0.022 cm3K/mole, θCW = 10.3 K. From the value
of C we find that this contribution is about 6% of an
ideal S = 12 system. After subtracting this, we find that
the magnetic susceptibility saturates to a fixed value as
T tends towards zero, which is expected for a gapless
S = 12 uniform chain. However, to model the susceptibil-
ity with the uniform S = 12 Heisenberg chain, we rely on
the MAS-NMR data below, where the spin susceptibility
is manifested in a more pristine manner.
We have not observed any signature of hysteresis in the
5M vsH measurements. The broad maximum observed in
our system greatly resembles what was observed in simi-
lar Bi-V-O complexes reported previously.41,42 With the
increase in the applied field, we observe that the broad
maximum shifts towards lower temperatures (see the in-
set of Fig. 5).
In the applied field H dependence of magnetization M
(see Fig. 6), we have not found any anomaly or steps
indicating the presence of any gap, and the data agree
well with the phenomenological expression M chain(H) =
αH + β
√
H, with α= 1.3×10−7, and β = 1.65×10−5.
B. Heat capacity
In the temperature dependence of heat capacity Cp, we
did not detect any long range magnetic ordering (Fig.7).
In the plot of Cp/T vs. T , the broad maximum at around
55 K is observed, which does not shift under the applica-
tion of external magnetic field up to 9 T. The magnetic
specific heat Cm was extracted by subtracting the lattice
contribution using a combination of Debye and Einstein
heat capacities, CDebye and CEinstein, respectively:
CDebye = Cd × 9nR(T/θd)3
´ θd/T
0 [x
4ex/(ex − 1)2]dx,
CEinstein = 3nR[
∑
Cem
x2Eme
xEm
(exEm−1)2 ], x =
hωE
kBT
.
In the above formula, n is the number of atoms in the
primitive cell, kB is the Boltzmann constant, θd is the
relevant Debye temperature, and m is an index for an
optical mode of vibration. In the Debye-Einstein model
the total number of modes of vibration (acoustic plus op-
tical) is equal to the total number of atoms in the formula
unit. In this model we considered the ratio of the relative
weights of acoustic modes and the sum of the different
optical modes to be 1 : n− 1.
We used a single Debye and multiple (three) Einstein
functions with the coefficient Cd for the relative weight
of the acoustic modes of vibration and coefficients Ce1 ,
Ce2 , and Ce3 for the relative weights of the optical modes
of vibration. The experimental data of the system were
fitted by excluding the low-temperature region of 2−115
K assuming that most of the magnetic part of the heat
capacity is confined within this temperature range. The
fit of our experimental data to such a combination of
Debye and Einstein heat capacities yields a Debye tem-
perature of 96 K and Einstein temperatures of 130, 295,
and 584 K with relative weights of Cd :Ce1 :Ce2 :Ce3 =
13 : 14 : 48 : 25.
The electronic contribution to the total heat capacity
was neglected since the compound possesses an insulating
ground state. Upon subtracting the lattice heat capac-
ity with the above parameters, we obtain the magnetic
contribution to the heat capacity Cm(T ), which, accord-
ingly, shows a broad maximum around 50 K. The en-
tropy changeΔS was calculated by integrating the Cm/T
data (see bottom inset in Fig. 7). The entropy change
is about 5.36 J K−1 (calculated for 1 mole), which is
close to the expected value of a S = 12 system (R ln 2
Figure 7: The temperature dependence of specific heat of
Bi6V3O16 in zero magnetic field; the blue points are the fit
described in the text, and the red line is its extrapolation.
The top inset displays the Cp/T vs T plot at 0 T (black solid
circles) and 9 T (red open diamonds) magnetic fields, respec-
tively. The bottom inset shows the magnetic contribution to
the heat capacity (black open circles). The magenta line is
the magnetic heat capacity contribution for the 1D uniform
Heisenberg chain; the green data points (right axis) show the
change in entropy ∆S with T .
= 5.73 J/mole K). Although the observance of the broad
maximum in the Cm vs T data indicates the 1D magnetic
interaction in the system, in the temperature regime be-
low 30 K, the magnetic heat capacity is less than 1 % of
the lattice contribution, which makes the analysis of the
magnetic contribution in this regime highly dependent
on the model.
We have also compared Cm with the 1D Heisenberg
chain model7 (see the magenta line in bottom inset in
Fig. 7). The mismatch between our calculated Cm and
the fit is not surprising as we know that an accurate
estimation of Cm is nearly impossible at this temperature
range as the phonon contribution (lattice part) consists
of nearly 99% of the heat capacity around the peak of
Cm at such a relatively high temperature.
The main findings from our heat capacity results are
that we did not observe any magnetic long-range order-
ing in our system and Cm shows the same trend ob-
served in χ vs T data. Both these results support the
low-dimensional magnetic behavior in Bi6V3O16.
C. NMR
1. Room-temperature magic angle spinning NMR
NMR is a powerful local probe to extract the static and
dynamic properties of a spin system and has been exten-
sively used on vanadia systems.45 Fortunately, the room-
6Figure 8: 51V MAS-NMR spectra of Bi6V3O16 measured at
different temperatures in 4.7-T fixed magnetic field. The main
line at the isotropic value of the magnetic shift is highlighted
in red, and the rest of the peaks are spinning sidebands at
multiples of the spinning frequency (30 kHz) apart from the
main line.
temperature 51V MAS-NMR spectrum for Bi6V3O16 is
known, consisting of a single line shifted to -1447 ppm
at room temperature (with sample spinning speeds up to
17 kHz).46 In our MAS spectra, we observed also only
one 51V line at -1382 ppm (spinning at 30 kHz; see the
uppermost spectrum in Fig. 8 and the top spectrum of
Fig. 9) confirming that the 51V NMR signal originates
entirely and from only one of the two available vanadium
sites in this system.47 As the spectral resolution is much
better in the 51V MAS-NMR compared to any bulk mea-
surement or even to the static NMR data, having a single
strongly shifted sharp NMR line validates the structure
of Bi6V3O16 here very strongly.
We have also performed room-temperature MAS-NMR
measurements on Bi4V2O11, the nonmagnetic parent
compound of the BiMeVOX family, and compared the
51V NMR signals of these two compounds under the same
experimental conditions (Fig. 9). For Bi4V2O11, the 51V
MAS-NMR line positions are also documented48,49, and
our results agree well with the literature. MAS-NMR re-
sults published by Delmaire et al.46 showed the detection
of four (three major) structurally different V5+ environ-
ments.The MAS-NMR results of Kim and Grey showed
the detection of three different vanadiums.49 Based on
the crystal structure analysis of Mairesse et al.50 and
NMR studies of Kim and Grey49 we can assign the peak
at -423 ppm to the tetrahedral V5+ (the V1 site accord-
ing to the description of Ref. 50), the peak at -509 ppm
to V5+ in the trigonal bipyramidal environment (V2),
and peaks at -491 and -497 ppm to the two different five-
fold V5+ environments. These last two are V3a and V3b
according to the report by Mairesse et al.;50 however,
we cannot differentiate which one is V3a and which is
Figure 9: The top spectrum is the zoomed part of the central
peak of the room-temperature (305 K) 51V NMR spectrum
of Bi6V3O16. The bottom spectrum is the 51V MAS-NMR
spectrum of Bi4V2O11. The black line is the experimental
spectrum, which can be well fitted by several Lorentzian lines,
as given by green lines; the red line is the sum of the com-
ponents. The spectra were recorded on an AVANCE-III-800
spectrometer at 51V resonance frequency of 210.5 MHz, us-
ing a home-built MAS probe for 1.3-mm rotors, at 50.1-kHz
sample spinning speed.
V3b in our spectrum. The remaining lines with lower
intensities are possibly due to the V5+ ions close to the
ends of chains and from the 6am superstructure which
was detected at low level in the XRD data of Ref. 50.
The chemical shift, the width, and relative intensity of
these components are given in Table IV.
The determined aspects further validate that in the
case of Bi6V3O16, the possibility of V4+ ions occu-
pying two different sites is clearly ruled out, as this
would lead to the creation of different environments of
V5+ ions and, consequently, different NMR lines which
should get detected in MAS-NMR experiments. How-
ever, due to a strong, large hyperfine field on V4+ ions,
the NMR signal originating from the magnetic vanadium
ions could not be detected at elevated temperatures. A
similar scenario was observed in many other systems
such as Cs2CuCl4,51 BaCuSi2O6,52–54 SrCu2(BO3)2,55,56
BaV3O8,57 and Li2ZnV3O8.58 The example of BaV3O8 is
most relevant in this context because BaV3O8 is also a
1D chain system where the signal from the magnetic V4+
ions was not detected, while the signal from the nonmag-
7Frequency FWHM Relative
shift (ppm) (ppm) intensity (%)
Peak 1 −423 10 15
Peak 2 −509 9 29
Peak 3 −491 8 11
Peak 4 −438 16 8
Peak 5 −407 12 2
Peak 6 −464 23 8
Peak 7 −536 23 4
Peak 8 −497 15 23
Table IV: The chemical shift, the width, and relative intensity
of different vanadium lines in Bi4V2O11spectra.
netic V5+ was observed.57
2. Low-temperature, cryoMAS NMR
The temperature dependence of 51V spectra of
Bi6V3O16 measured using cryogenic MAS (cryoMAS)
technique44 is shown in Fig. 8. Here, we are limited to
remain above T = 20 K to maintain the fast sample spin-
ning, but the obtained values of the isotropic Knight shift
K up to room temperature are very accurately deter-
mined, and they follow the same trend observed in χ(T ).
In the temperature dependence of K, a broad maximum
at around 50 K is observed, similar to the χ(T ) data, in-
dicating low-dimensional, short-range magnetic ordering.
As K(T ) is a direct measure of spin susceptibility, the
following equation can be written:
K(T ) = K0 +
Ahf
NAµB
χspin(T ) , (1)
where K0 is the temperature-independent chemical shift,
Ahf is the hyperfine coupling constant, and NA is Avo-
gadro’s number. As long as Ahf is constant, K(T ) should
follow χspin(T ). We estimated the exchange couplings
by fitting the K(T ) data with Eq.( 1). Here, χspin is
the expression for the spin susceptibility of the S = 12
chain model given by Johnston et al.7 which is valid
in the whole temperature range of our experiment from
2 to 300 K and also in the whole limit of 0 6 α 6 1.
The K(T ) data for Bi6V3O16 agree well with the S = 12
chain model with K0 ' −370 ppm, Ahf = 5.64 KOe/µB
with an exchange coupling J1/kB = 113(5) K, and the
alternation ratio α = 1 (uniform chain) and α = 0.995
(alternating chain; Fig. 10). For the alternation ratio of
α = 0.95, the zero-field spin gap between the singlet and
triplet states according to the S = 12 alternating chain
model is ∆/kB ' 9.52 K according to Johnston et al.7
and 10.35 K according to Barnes et al.,20 depending on
the method of approximation. OurM vs H results up to
14 T (see Fig. 6) did not show any signature of closing of
the spin gap near the respective magnetic fields, which
prompts us to consider that uniform chain is the correct
model indeed.
Figure 10: Temperature dependence of the 51V NMR shift K
of Bi6V3O16(shown by black circles) measured using the cry-
oMAS technique. The black and green lines are the fittings
with the susceptibility model using Eq.( 1) for a S = 1
2
uni-
form chain (α = 1) and for an alternating chain (α = 0.995),
respectively. The inset shows the 51V MAS-NMR shift K of
Bi6V3O16 vs χ−χ0−χCurie, where both χ(T ) andK are mea-
sured at 4.7 T, with temperature being an implicit parameter.
The solid line is the linear fit.
It is insightful to compare our results with the recently
investigated uniform chain compound (NO)[Cu(NO3)3]
with intrachain coupling J = 142(3)K and long-range
magnetic order taking place only at TN = 0.58(1)K,
resulting in a ratio of suppression represented by
f = |J |/TN = 245(10).16–18 Even more recently,
a study on Cs4CuSb2Cl12 reported J = 186(2)K
and a superconductorlike phase transition taking place
only at Tsp = 0.70(1)K, resulting in a ratio of sup-
pression represented by f = |J |/Tsp = 270(7).19
KCuF3 has a relatively large interchain coupling (J ′/J ≈
0.01), yielding f = 390 K/39 K = 10;12 Sr2CuO3,
with a tiny interchain interaction (J ′/J ≈ 10−5), gives
f = 2200 K/5 K = 440.13 For Bi6V3O16 the lowest
estimate would be f = 108 K/2 K ≈ 55, suggesting
that the interchain exchange interactions here are very
weak and/or frustrated.
The K vs χ(T ) plot is shown in the inset of Fig. 10,
where K is measured shift in percent and χ−χ0−χCurie
is magnetic susceptibility without the T -independent and
Curie impurity contributions. The magnetic susceptibil-
ity was measured in the same magnetic field of 4.7 T in
which the NMR measurements were performed.
3. Spin lattice relaxation rate 1/T1
To study microscopic properties of 1D Heisenberg anti-
ferromagnets (HAF), it is necessary to measure the tem-
perature dependence of the spin lattice relaxation rate
1/T1, which gives information about the imaginary part
8Figure 11: Temperature dependence of the spin-lattice relax-
ation rate (1/T1) of Bi6V3O16. In the top inset the same
plot is shown with temperature in the log scale and low-T
data measured on a static sample (red diamonds). The bot-
tom inset shows the plot of 1/KT1T vs T .
of the dynamic susceptibility χ(q, ω). As vanadium is
a I = 7/2 nucleus and to avoid further broadening due
to dipole-dipole interaction we studied the temperature
dependence of 1/T1 in the rotating conditions. The tem-
perature dependence of 51V 1/T1 is presented in Fig. 11.
In the whole temperature range from 300 down to 20 K,
the recovery of nuclear magnetization is single exponen-
tial. We have not observed any indication of divergence
of the relaxation rate, revealing the absence of any mag-
netic ordering. Also, no sign of activated behavior was
observed, which proves that down to 20 K no dimeriza-
tion takes place. Until about 100 K, 1/T1 drops linearly
with temperature. However, below 100 K deviations from
the linear behavior are observed. Additionally, 1/KT1T
is temperature independent at 100 K ≤ T ≤ 300 K,
and it shows linear behavior with T below 100 K.
We did not observe any signatures of magnetic order-
ing, and also no features of spin gap are observed in the
temperature dependence of 1/T1. Generally, 1/T1 de-
pends on both uniform (q = 0) and staggered spin fluc-
tuations (q = ±pi/a). The uniform component leads to
1/T1 ∼ T , while the staggered component gives 1/T1=
const.59 The deviation from the linear behavior of 1/T1
below 100 K presumably indicates that the temperature-
independent part is coming into play which was otherwise
absent in the temperature region above 100 K. This fact
is also reflected in the 1/KT1T vs T plot as 1/KT1T is
expected to be constant when the (q = 0) contribution
dominates. In our 1/KT1T plot, we observe a clear drop
from the high-T constant value for temperatures ≤100
K.
To observe the temperature dependence of 1/T1 at
lower temperatures, we stopped spinning and performed
NMR measurements on the broad line in static condi-
tions; 1/T1 below 15 K is essentially T independent. The
absolute value of the relaxation rate at low T is much
larger than in cryoMAS-NMR, which seems to indicate
that in the static T1 measurements we have started to de-
tect the magnetic V4+ at low temperatures with a very
short relaxation (see the top inset in Fig. 11). Note that
1/T1 becoming constant at low temperatures is expected
for S = 12 1D HAF systems.
60 Similar spin-lattice relax-
ation behavior has been observed in the uniform S = 12
1D chain Ba2Cu(PO4)2.15
IV. CONCLUSION AND OUTLOOK
We have reported bulk thermodynamic and local NMR
studies of the S = 12 V-based compound Bi6V3O16. All
of the measurements confirm the presence of low dimen-
sionality in this material. Upon subtracting the low-
temperature Curie-Weiss contribution, the magnetic spin
susceptibility agrees well with the S = 12 uniform Heisen-
berg chain model. The magnetic heat capacity also con-
firms the existence of low-dimensional magnetism in the
system, even though the lattice part has a dominant con-
tribution to the total heat capacity, and approximation
by any model is not decisive. In the MAS-NMR experi-
ments on Bi6V3O16, we observed a single sharp line which
confirms that there is no site sharing between the V4+
and V5+ ions in this compound. The spin susceptibil-
ity calculated from the MAS-NMR experiments agrees
well with the uniform S = 12 chain model with the dom-
inant exchange coupling of J = 113(5) K, while the tem-
perature variation of Knight shift agrees well with the
findings from χ vs T measurements. Our experimental
results from cryoMAS-NMR measurements concur with
the S = 12 uniform chain model up to the available tem-
perature range. No sign of magnetic ordering or any fea-
ture of spin gap has been observed in the temperature
dependence of 1/T1. Bi6V3O16 is one of the very few
V-based systems in the category of uniform spin chains
where no long-range magnetic ordering or any singlet for-
mation were observed above 2 K, while J is of the order
of 100 K. An ideal S = 12 spin chain cannot exist in
any real material because even an infinitesimal interchain
coupling would give rise to long-range magnetic order at
suppressed, but finite, temperatures.
Future work involving local probe experiments, e.g,
static NMR experiments down to millikelvin tempera-
tures, neutron diffraction, muon spin resonance, etc., is
needed to acquire further knowledge about the possible
ordering temperature and the nature of the ordered mag-
netic structure of Bi6V3O16, for which a high-quality sin-
gle crystal is needed.
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